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ABSTRACT
The solar neighborhood contains disc stars that have recently crossed
spiral arms in the Galaxy. We propose that boundaries in local veloc-
ity distributions separate stars that have recently crossed and been
more strongly perturbed by a particular arm from those that haven’t.
Ridges in the stellar velocity distributions constructed from the sec-
ond Gaia data release trace orbits that could have touched nearby
spiral arms at apocentre or pericentre. The multiple ridges and arcs
seen in local velocity distributions are consistent with the presence of
multiple spiral features and different pattern speeds and imply that
the outer Galaxy is flocculent rather than grand design.
keywords: galaxies: kinematics and dynamics
1 INTRODUCTION
Stars in Milky Way disc can be described in terms
of their distributions in space and velocity or phase
space. Perturbations on the disc can cause struc-
tures such as gaps and arcs within this space.
Non-axisymmetric perturbations from spiral arms
(Quillen & Minchev 2005) or the Galactic bar can
induce a gap in a local velocity distribution as-
sociated with an orbital resonance (Kalnajs 1991;
Dehnen 1999b; Fux 2001; Minchev et al. 2007,
2010; Monari et al. 2014; Antoja et al. 2014, 2015;
Monari et al. 2017a,b; Perez-Villegas et al. 2017;
Quillen et al. 2018; Hunt & Bovy 2018). Dissec-
tion of an N-body simulation suggests that gaps
in velocity distribution might be seen all over the
Galaxy and are associated with transitions be-
tween different spiral patterns (Quillen et al. 2011).
Hunt et al. (2017) proposed that high angular mo-
mentum stars are affected by the Perseus spiral
arm which lies 2 kpc outside the Sun’s galactocen-
tric radius (e.g., Xu et al. 2016). Perturbations on
the outer disc, such as by the Sagittarius dwarf
galaxy, can cause correlated radial epicyclic oscil-
lations giving arcs in phase space (Minchev et al.
2009), clumps in velocity distributions (Quillen et
al. 2009), and vertical motions that can be corre-
lated with planar ones (Gomez et al. 2013; dela
Vega et al. 2015; Quillen et al. 2018; Monari et al.
2018; Antoja et al. 2018; Laporte et al. 2018).
The second data release (DR2) (Gaia Collab-
oration; Brown et al. 2018) of the Gaia satellite
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(Gaia Collaboration; Prusti et al. 2016) provides
full 6-dimensional space coordinates for approxi-
mately 7 million stars in the Galaxy: 2D positions
(RA, Dec on the sky), parallaxes, proper motions
(Lindegren et al. 2018), and radial line-of-sight ve-
locities for magnitude GRVS < 12 (Gaia Collabora-
tion; Katz et al. 2018). With the increase in num-
bers of stars and precision of measurement, Gaia
DR2 lets us examine stellar velocity distributions,
and how they vary with position in the Galaxy, in
unprecedented detail. We attempt to better char-
acterize the dynamical processes causing structure
in the stellar velocity distributions.
1.1 Interpreting arcs and shells in
velocity distributions
To discuss velocity distributions, we use Galacto-
centric polar coordinates (r, θ, z) giving velocity
components (vr, vθ, vz). Nearby star motions are
often described with a Cartesian coordinate system
with velocity components u, v, w. At the position
of the Sun, u = −vr v = vθ − vc, and w = vz, with
vc the rotational velocity associated with the local
standard of rest (LSR).
Arcs and shells are visible in the Gaia DR2
Galactic disc’s vr, vθ velocity distribution, and
ridges are present in space-velocity diagrams (Gaia
Collaboration; Katz et al. 2018; Antoja et al. 2018;
Kawata et al. 2018). These features could be caused
by spiral arms (Kawata et al. 2018) or phase wrap-
ping of epicyclic motions associated with past dis-
turbances of the Milky Way disc (Antoja et al.
2018). The substructure seen in phase space implies
that the disc is not dynamically relaxed (Minchev
et al. 2009; Gomez et al. 2012; Monari et al.
2018; Gaia Collaboration; Katz et al. 2018; An-
toja et al. 2018). Using the sensitivity of the Coma
Berenices moving group to viewed Galactic hemi-
sphere (Quillen et al. 2018), Monari et al. (2018)
estimated that the disc experienced a vertical per-
turbation 1.5 Gyr ago. Antoja et al. (2018) inter-
preted a spiral seen in vz vs z plots of stars in the
solar neighborhood as phase wrapping of a vertical
perturbation that occurred between 300 and 900
Myr ago. The phase wrapping model by Minchev
et al. (2009) explained arcs in the uv velocity dis-
tribution by weighting the phase space distribu-
tion with a function that depends on the period of
epicyclic oscillations. The velocity distribution in
the solar neighborhood’s has streaks separated by
10 to 20 km s−1 giving a timescale since perturba-
tion of 2 to 4 Gyr (following Figure 1 by Minchev
et al. 2009). The three timescales are not consis-
tent and imply that additional processes, such as
bar or spiral arms, affect motions in the plane.
The arcs predicted with the phase wrapping
model by Minchev et al. (2009) depend only on the
frequency of radial epicyclic oscillations. As the pe-
riod of radial oscillations is primarily dependent on
the orbital energy (Dehnen 1999a) (∝ v2r +v2θ), the
predicted arcs resemble large circles centred about
vr = 0, vθ = 0 and so are symmetrical about the
vr = 0 line. However the arcs seen in the solar
neighborhood velocity distribution are tilted with
respect to this line (see Figure 22 by Gaia Collab-
oration; Katz et al. 2018). Bar and spiral resonant
models predict a tilt in the orientation of arcs in
the velocity distribution (Quillen & Minchev 2005;
Minchev et al. 2010; Monari et al. 2017a,b) but
only near a resonance. The tilts of so many arcs
seen in the Gaia DR2 solar neighborhood velocity
distribution suggest that they cannot be explained
by orbital resonances alone.
Spiral arms in the Galaxy are tightly wound
and separated by about 2 kpc with the Perseus
arm currently about 2 kpc outside the galactocen-
tric radius of the Sun, the Sagittarius arm about
2 kpc inside the radius of the Sun, the Local Arm
about 500 pc outside the Sun’s radius (sometimes
called the Orion Spur) and the Local Spur (seen at
Galactic longitude ∼ 40◦) a few hundred pc within
it; following maser sources plotted in Figure 2 by
Xu et al. (2016) (but also see Russeil 2003; Reid et
al. 2009; Xu et al. 2013; Hou & Han 2014; Valle´e
2017). In an N-body simulation of a disc exhibit-
ing spiral structure (and without external pertur-
bations), multiple arcs that are tilted with respect
to the vr = 0 line are sometimes and in some places
seen in local velocity distributions (Quillen et al.
2011). This motivates searching for a spiral arm
related explanation for arcs or ridges in the solar
neighborhood’s velocity distribution.
A star near the Sun on an eccentric orbit
moves away from the solar neighborhood and can
cross one of these nearby spiral arms. We con-
sider the possibility that some of the structure seen
in the local velocity distribution could be due to
stars crossing nearby spiral arms. An analogy is
the perihelion boundary marking possible close ap-
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3proaches with Neptune that is present in the dis-
tribution of semi-major axes and eccentricities of
non-resonant Edgeworth-Kuiper belt objects.1 A
spiral arm might give a boundary in phase space,
where on one side of the boundary stars never cross
the arm and are only weakly perturbed by it, and
on the other side, their velocities are more strongly
perturbed by the arm. Bumps and wiggles in the
terminal velocity curve of the Milky Way observed
interior to the solar circle correspond to known spi-
ral arm features (McGaugh 2016). The bumps have
sizes of ± 10–20 km s−1 (McGaugh 2016). A star
crossing a spiral arm would experience a jump in
velocity about this size, implying that that spiral
arms must influence the stellar velocity distribu-
tion. N-body simulations show that perturbations
at apocentre are strongest from spiral structures
with pattern speed approximately corotating with
galactic rotation (e.g., Kawata et al. 2014).
In this manuscript we explore a possible con-
nection between Galactic spiral structure and arcs
or boundaries in the solar neighborhood’s velocity
distribution. In section 2 we estimate the time and
location of a star’s last pericentre or apocentre, re-
lating recent orbital extrema to velocity vectors.
For logarithmic spirals, we estimate the current lo-
cation of a spiral arm that would have been touched
at apocentre and pericentre. In section 2.3 we as-
sociate ridges in the solar neighborhood’s velocity
distribution to possible spiral arms, and test how
the locations of features in the velocity distribution
depends on neighborhood position near the Sun. A
summary and discussion follows in section 3.
2 CROSSING SPIRAL ARMS
To estimate the extent of radial or epicyclic mo-
tions for stars in the solar neighborhood, we in-
tegrate orbits backwards, starting at the position
of the Sun, for different current values of radial
and tangential velocity components. For consis-
tency with the Gaia Collaboration; Katz et al.
(2018), we adopt local standard of rest rotational
velocity vc = 240 km s
−1, and the Sun’s galacto-
centric radius R = 8.34 pc, following Reid et al.
(2014) (and see the review by Bland-Hawthorn &
1 http://www.scholarpedia.org/article/Kuiper_
belt_dynamics
Figure 1. Past apocentre and pericentre radii and
times for stars with different tangential and radial ve-
locities in the solar neighborhood. The left panel shows
time since the previous apocentre in color and with
apocentre radii shown as contours. The right panel
shows time since the previous pericentre in color with
pericentre radii shown as contours. These are computed
by integrating the orbits in the Galactic plane back-
wards from the location of the Sun and assuming a flat
rotation curve.
Gerhard 2016). Orbits are restricted to the Galac-
tic plane and integrated using a flat rotation curve
with rotation velocity vc equal to that of the local
standard of rest. The time since the last apocentre
and pericentre are shown in color in Figure 1 in the
left and right panels, respectively. Contours show
the galactocentric radii of apocentres and pericen-
tres and they are labelled in kpc. Figure 1 shows
that stars at vθ ∼ 260 km s−1 could have touched
the Perseus arm at apocentre. The red line labelled
7 kpc on the right panel shows stars that could
graze the Sagittarius arm at pericentre. Spiral arms
are not fixed. To estimate which stars could have
crossed them we need to take into account their
motion through the Galaxy.
In polar coordinates, we describe a logarith-
mic spiral arm density peak moving through the
Galaxy disc with pattern speed Ωs using a func-
tion R(θ, t)
α ln
(
R(θ, t)
Rs0
)
= θ − θ − Ωst. (1)
The arm peak has radius Rs0 at θ = θ at time t =
0. We take t = 0 to be the current time. The arm
pitch angle p = arctanα−1 is the angle between
the spiral and the tangent to a centered circle of
radius R at point R(θ) on the arm. We put the
Sun at θ = pi and radius R. The Galaxy rotates
MNRAS 000, 000–000 (0000)
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Figure 2. A star currently near the Sun and with veloc-
ity components vr = −10 km s−1 and vθ = 271 km s−1,
reached apocentre approximately 83 Myr ago at the lo-
cation of the black dot on the lower right. The star’s
orbit is shown with the dotted black line and was in-
tegrated assuming a flat rotation curve. A spiral arm
like the Perseus arm currently lies outside the radius of
the Sun, however 83 Myr ago, this arm could have inter-
sected the star’s orbit when the star reached apocentre.
The spiral arm has α = 5, a pattern speed of Ωs = 20
km s−1 kpc−1, and a radius of Rs0 = 10 kpc at the cur-
rent time and at θ = θ. It is shown as thick cyan lines
at the current time, 42, 83 and 125 Myr ago. Black dots
are also shown for the star at the same times. The star
remains inside the arm, grazing it only at apocentre.
clockwise with θ˙ < 0. A trailing arm has α > 0 and
Ωs < 0. We do integrations with negative vθ,Ωs,
however, we neglect their signs in our figures and
table.
For each tangential velocity vθ and radial ve-
locity vr at the current time, we integrate back-
wards until the orbit reaches either pericentre or
apocentre. Orbits are restricted to the Galactic
plane. We record the time, azimuthal angle θ and
galatocentric radius of this pericentre or apocentre.
For apocentre these give tapo, θapo and Rapo con-
sistent with the chosen velocity vector. For wind-
ing parameter α and pattern speed Ωs describing
a spiral pattern, we invert equation 1 using time,
t = tapo, azimuthal angle, θ = θapo and radius,
R(θapo, tapo) = Rapo, to solve for Rs0 consistent
with the spiral density peak being at the apocen-
tre location at tapo. The radius Rs0 is the radius of
the spiral arm peak at the Sun’s azimuthal angle at
the current time. Thus we find the offset of a spi-
ral arm at the current time that would have been
touched previously at apocentre for a star with the
chosen velocity vector. We repeat the procedure,
computing recent orbital pericentres and radii Rs0
for spiral arms that could have been touched at a
recent pericentre.
Figure 2 shows an illustration of our back-
wards integration estimate. A star currently in
the solar neighborhood with velocity components
vr = −10 km s−1 and vθ = 271 km s−1 is shown as
a black dot at the location of the Sun and the star’s
past orbit is shown with a dotted black line. We in-
tegrate its orbit backwards finding that it reached
apocentre approximately 83 Myr ago at the loca-
tion of the black dot on the lower right. A spiral
arm like the Perseus arm currently lies outside the
radius of the Sun, however 83 Myr ago, this arm
could have grazed the star’s orbit when it reached
apocentre. The current and three past locations of
the spiral arm are shown as thick cyan lines on the
same Figure. The star only grazes the spiral arm
and does not cross it. A star with a lower initial
vθ remains inside this spiral arm during the same
time period.
In section 2.2 we compare curves of constant
Rs0 as a function of vr, vθ together with stellar ve-
locity distributions. The curves in Figure 3 and
4 are Rs0 curves, and the colormaps show local
velocity distributions constructed from Gaia DR2
data. For the curves in Figure 3 we begin the back-
wards orbit integrations at the location of the Sun
(galactocentric radius R, azimuthal angle θ and
z = 0). For the curves in Figure 4 we begin the
backwards orbit integrations at 4 additional posi-
tions; at r = R±0.2 kpc, θ = θ, and at r = R,
θ = θ±2.75◦. For these last two positions, the dis-
tance from the Sun along the direction of rotation
is ± 0.4 kpc.
2.1 Gaia DR2 velocity distributions
The curves in Figures 3 and 4 are shown with Gaia
DR2 velocity distributions of stars (as color im-
MNRAS 000, 000–000 (0000)
5Figure 3. Top row: Colored Contours are curves of constant spiral radius Rs0 for spiral arms that were reached at
apocentre for stars currently at the position of the Sun and as a function of velocity vector. The x-axis shows the
radial velocity component and the y-axis the tangential velocity component (in km s−1) of the star’s present velocity.
The contours are labelled in kpc. The underlying color images show the normalized stellar velocity distribution in the
solar neighborhood constructed using a histogram of stars with measurements from Gaia DR2. The number density
of stars is shown with the color map on the right. The winding parameter for the spiral pattern is α = 5. Pattern
speeds for the spiral arms are given on the top of each panel in units of km s−1 kpc−1. Second from top row: Similar
to the top row, but the winding parameter is varied instead of the pattern speed. Winding parameters for the spiral
arms are labelled on top of each panel. Third from top row: Similar to the top row but for spiral patterns that are
reached at pericentre. Bottom row: Similar to the second from top row but for spiral patterns that are reached at
pericentre.
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Figure 4. Top row: The color maps show stellar velocity distributions computed from histograms of Gaia DR2
data for stars in neighborhoods centred at θ0 and at 3 different galactocentric radii. The coordinate centres of each
neighborhood are listed on the top of each panel. Using the centres of these neighborhoods as orbit initial conditions,
orbits are integrated backwards to their first pericentre or apocentre. The spiral patterns with properties listed in
Table 1 are touched at pericentre or apocentre on the colored contour lines. Each contour corresponds to a particular
spiral arm pattern. The colorbar on the right applies to all six panels. The total numbers of star in each histogram
is written on the lower left in each panel. A black plus is located at (0,240) km s−1 in each panel, corresponding to
a circular orbit. Bottom row: Similar to the top row except for neighborhoods centred at R and at three different
azimuthal angles. Clumps in the velocity distribution, called moving groups, are labelled on the right. Orbits that
divide the moving groups have apocentres or pericentres that have recently grazed spiral arms. The red dot and red
line on the lower middle panel shows the orbit and spiral pattern illustrated in Figure 2.
ages). We use stars with Gaia DR2 available radial
velocities. The 3-dimensional velocity components
are computed using inferred distances, Gaia DR2
positions, proper motions and line of sight radial
velocities and with adopted solar peculiar velocity.
For consistency with the Gaia Collaboration; Katz
et al. (2018), and to compute vr, vθ, vz from proper
motions, distances and radial velocity, we adopt
the solar peculiar motion (with respect to the lo-
MNRAS 000, 000–000 (0000)
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(u, v, w) = (11.1, 12.24, 7.25) km s−1.
The best way to compute distances from par-
allaxes giving unbiassed results is discussed in the
current literature (see the review in Luri et al. 2018
or Bailer-Jones et al. 2018). We compute the stellar
distances using a Bayesian scheme which takes the
Gaia DR2 parallax and approximate GRVS mag-
nitudes as input (McMillan et al. 2018b). The es-
timates adopt a stellar density prior (taken from
Burnett & Binney 2010) and a prior on the abso-
lute GRVS magnitude, derived from the PARSEC
isochrones (Marigo et al. 2017), under reasonable
assumptions of the distribution of age, mass and
metallicity of stars (also see McMillan et al. 2018a).
We have also computed stellar distances and ex-
tinctions with the StarHorse code (Santiago et al.
2016; Queiroz et al. 2018), using the parallaxes and
G,GBP, GRP magnitudes from Gaia DR2, together
with 2MASS, AllWISE, and APASS photometry,
as input. This code calculates the marginal dis-
tance posterior probably density function over a
grid of PARSEC 1.2S stellar models (Bressan et
al. 2012; Chen et al. 2014; Tang et al. 2014), under
reasonable priors for the density, stellar initial mass
function, and star formation rate of the main stel-
lar components of the Milky Way (following Bland-
Hawthorn & Gerhard 2016; see Queiroz et al. 2018
for details), and assuming the extinction curve by
(Schlafly et al. 2016). For the nearby stars used
in Figures 3 and 4, the differences in the velocity
distributions using distances from StarHorse com-
pared to those from McMillan’s code are insignifi-
cant (the differences are barely noticeable as slight
pixel variations).
The velocity distributions in our figures are
computed by making a histogram, counting the
numbers of stars in bins that are 2 km s−1 square.
The color-bar on the righthand side of the plots
shows numbers of stars per velocity bin, but nor-
malized so that the histograms integrate to 1.
The stellar velocity distribution shown in Figures
3 is comprised of stars with galactocentric ra-
dius R − 0.15 kpc < r < R + 0.15 kpc and
θ − 1.37◦ < θ < θ + 1.37◦ (maximum distance
along the direction of rotation from the Sun is 0.2
kpc). Star distances from the Galactic plane are
restricted to |z| < 0.2 kpc. Because we consider
only motions in the Galactic plane, we only count
stars with |vz| < 20 km s−1. The velocity distri-
butions shown in Figures 4 are comprised of stars
from neighborhoods that have the same radial and
angular widths as those in Figures 3. The centres
of the neighborhoods of stars counted in the his-
tograms are the same as the initial conditions for
the orbit integrations and are labelled on the top
of each figure panel.
2.2 Spiral crossing curves on Gaia DR2
velocity distributions
Figure 3 contours shows spiral radii Rs0 (at θ) for
possible spiral arms touched at previous apocentres
(top two rows) and those that would be touched
at pericentres (bottom two rows). Contours are la-
belled in kpc. The top and third row panels show
the effect of varying the spiral pattern speed, and
the second and bottom panels show the effect of
varying the spiral pitch angle. Pattern speeds are
given in units of km s−1 kpc−1 and listed on top of
the panels. Large or small Rs0 compared to R im-
ply that pericentre or apocentre took place about
100 Myr ago (see Figure 1), not that the spiral arm
is confined to large or small radii (equation 1 allows
the spiral arm to reach all radii). Due to differential
rotation in the Galaxy, a spiral arm with pattern
speed that differs from the angular rotation rate of
the Sun (Ω ≈ 29 km s−1 kpc−1) can more quickly
moves away from the Sun than one with Ωs ∼ Ω.
In Figures 3 a single spiral arm would be ex-
pected to cause a change in the velocity distribu-
tion along one of the curves (of constant Rs0) as
stars on one side of the curve don’t cross the arm
and those on the other side do. Because the loca-
tion of a spiral arm depends on angle and radius,
the curves on the plots are not symmetric about
the vr = 0 line. We find that these curves can ex-
hibit the slopes of arcs and streaks in the solar
neighborhood’s stellar velocity distribution.
Figure 3 shows that spiral arm crossing curves
depend on arm pattern speed and winding angle.
We see that variations in pattern speed or winding
angle cause larger differences in radius Rs0 for or-
bits that have higher eccentricity. This is expected
because Rs0 is the present radius of the spiral arm
at θ and higher eccentricity orbits reach apocen-
tre or pericentre distant from the Sun. Measure-
ments for the pitch angles of spiral arms in the
Galaxy are p ≈ 12◦ (Russeil 2003; Xu et al. 2016;
Valle´e 2017). Estimated pitch angles tend to vary
MNRAS 000, 000–000 (0000)
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or be uncertain by a few degrees for a particular
arm, though there is larger scatter for models that
link arms or assume a particular number of arms
is present (e.g., Valle´e 2017). In contrast, pattern
speed estimates vary widely (Naoz & Shaviv 2007).
Uncertainties in pattern speed more strongly af-
fect our ability to estimate the current radius of
a spiral arm Rs0 (from a feature in the velocity
distribution) than uncertainties in winding angle.
Hereafter we adopt a winding parameter α = 5
corresponding to pitch angle p = 11.3◦. This is
approximately consistent with recent pitch angle
estimates for spiral arms near the Sun (Xu et al.
2016).
So far we have discussed orbits computed in a
logarithmic potential giving a flat rotation curve.
A rotation curve with rotational velocity v(r) =
vc (r/R)
β has slope dependent on an exponent β
(see Dehnen 1999a). With β → 0 a flat rotation
curve is recovered. With β = −0.1 (approximately
consistent with measurements of Oort’s constants;
Bovy 2017) the most extreme apocentres and peri-
centres are about 0.5 kpc larger than shown on the
upper part of Figure 1 left panel and the lower
part of Figure 1 right panel. For β = −0.1, the
curves on the in Figure 3 are similar but have radii
about +0.5 kpc larger in the high eccentricity re-
gions (near the outer boundaries) of the plots.
2.3 Multiple Arms
By adjusting the pattern speeds we have identi-
fied values of spiral arm positions Rs0 that could
account for features seen in the Gaia velocity dis-
tributions. Six spiral patterns, specified by their
pattern speed and current radius at θ (and with
winding parameter α = 5) are listed in Table 1.
These six patterns are shown as colored contours
in Figure 4. In Figure 4 velocity distributions and
spiral orbit crossings are computed at 5 different re-
gions in the galaxies with central positions at and
near the Sun. The coordinates of the regions are
written on the top of each panel. Orbit integrations
used to compute the curves are begun at the cen-
tral coordinate values for each region. The names
of common moving groups (or streams) are shown
on the right hand side of the bottom row of panels
with the height of the label matching the vθ value
of their associated peak in the velocity distribution.
We have labelled the Hercules, Sirius/UMa, Coma
Berenices and Hyades/Pleiades streams, adopting
the names used by Dehnen (1998) (we note that
their assumed local standard of rest differs from
that used here).
Figure 4 displays stellar velocity distributions
at different positions in the Galaxy near the Sun.
The Gaia DR2 distributions confirm that the ve-
locities of peaks in the stellar velocity distribution
depend on position in the Galaxy (Monari et al.
2018), and as shown by previous studies (Antoja
et al. 2014, 2015; Monari et al. 2017b; Quillen
et al. 2018). In Figure 4 we see that peaks in
the velocity distribution shift downward by a few
km s−1 with increasing neighborhood galactocen-
tric radius. Even though the distance between the
neighborhoods is larger in the azimuthal direction
than the radial one (0.4 kpc rather than 0.2 kpc),
variations between the velocity distributions are
less pronounced in the azimuthal direction (bot-
tom row as compared to the top row of Figure 4).
The tendency of a gap in the local velocity dis-
tribution to shift with radius of the neighborhood
was also seen in the simulations by Quillen et al.
(2011).
A strong dependence of the morphology of ve-
locity distribution on galactocentric radius is ex-
pected for most dynamical processes. With spiral
structure the gap shifts because stars at different
angular momentum values can reach different spi-
ral arms. For phase wrapping, this is expected be-
cause the epicyclic oscillation period is strongly
dependent on radius. For resonant processes the
strong radial dependence is expected because or-
bital frequencies are dependent on radius. In the
case of the gap separating the Hercules stream from
more nearly circular orbits, this was observed with
observational data (Antoja et al. 2014; Monari et
al. 2017b; Quillen et al. 2018), and predicted with
models of the bar’s resonant effects on the local
velocity distribution (Dehnen 2000; Monari et al.
2017a).
In Figure 4 the red curves correspond to a spi-
ral arm with current radius Rs0 = 10 kpc at θ.
This arm is consistent with the Perseus spiral arm,
about 2 kpc outside the Sun’s galactocentric ra-
dius. In the velocity distributions, we infer that
this arm is responsible for the outer boundary of
the Sirius/UMa moving group, where stars can just
reach the arm peak when they near apocentre. Fig-
ure 2 shows the orbit of a star that grazes this
MNRAS 000, 000–000 (0000)
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pends on position in the Galaxy, decreasing in vθ at
larger galactocentric radius. The red line matches
the boundary seen in the local velocity distribu-
tions for all 5 neighborhoods shown in Figure 4.
We estimate a pattern speed of 20 km s−1 kpc−1
for this arm with an uncertainty of about ± 3
km s−1 kpc−1. This places the pattern speed below
but near corotation at the galactocentric radius of
the arm (at r = 10 kpc, the angular rotation rate
Ω ≈ 24 km s−1 kpc−1).
The black contours in Figure 4 correspond to
a spiral arm that is nearer the Sun and has pattern
speed similar to angular rotation rate of the local
standard of rest (that is about 29 km s−1 kpc−1).
This arm is consistent with the Local Spiral arm if
it is a separate arm (Xu et al. 2013, 2016) rather
than a spur (Hou & Han 2014). In the velocity
distributions, this arm causes a division between
the Coma Berenices and the Sirius/UMa moving
groups. Stars below the black contour curve never
reach the arm, whereas those above it have crossed
the arm and recently reached apocentre outside it.
The white curves correspond to a spiral arm
that is currently at the location of the Sun. This
is consistent with a continuation of the Local Spur
(see Figure 2 by Xu et al. 2016). The arm causes
a division between the Coma Berenices moving
group and the Hyades/Pleiades moving groups,
with stars in the Hyades/Pleiades moving groups
crossing the Local Spur as they neared pericentre.
The Local Spur is probably weak at the location
of the Sun but could have been stronger 60 Myr
ago when these pericentres took place (times can
be estimated using Figure 1).
The yellow and cyan curves correspond to
arms with larger pattern speeds, consistent with
spiral arms closer to the Galactic centre. The cur-
rent radii of these arms are both near that ex-
pected for the Sagittarius arm. There is confusion
due to the presence of an orbital resonance with
the Galactic bar (e.g., see discussion by Quillen et
al. 2018 and citations listed in our introduction).
Our simple orbit integrations do not take into ac-
count perturbations by the bar. The lower orange
curves, bounding the lower part of the Hercules
stream (vθ ∼ 205 km s−1), correspond to a fast
spiral pattern in the inner Galaxy with no obvious
known counterpart. We have considered the possi-
bility that a spiral arm might be touched at the sec-
ond previous pericentre (rather than just the last
one). For Ωs = 35 km s
−1 kpc−1 and α = 5 this hy-
pothesis gives curves near the cyan and orange ones
that are less tilted (closer to symmetrical about the
vr = 0 line) than the cyan and orange curves and
so might better match the orientation of the lower
part of the Hercules stream. However, this hypoth-
esis requires predicting orbits more than 200 Myr
in the past. Until we have a good model for the re-
cent behavior of spiral arms and have pinned down
the bar pattern speed, we probably can’t predict
the locations and times of pericentres well enough
to relate it to spiral structure that might have been
present that long ago.
Figure 4 suggests that nearby spiral arms have
recently influenced the local velocity distribution.
The Lin-Shu hypothesis (Lin & Shu 1964) pos-
tulates that spiral arms are long lived patterns.
However, N-body simulations can show spiral arm
features which are short-lived but recurrent (tran-
sient) and with pattern speeds that match the
rotation of the stars, (approximately co-rotating;
e.g., Sellwood & Carlberg 1984; Grand et al. 2012;
Roca-Fabrega et al. 2013; Kawata et al. 2014).
Or multiple patterns might exist simultaneously
with interference between them giving transient-
like behavior (e.g., Quillen et al. 2011; Comparetta
& Quillen 2012; Minchev et al. 2012). The match
between velocity distribution boundaries with re-
cent spiral structures would not be expected if spi-
ral arms are long lived, as the distribution func-
tion would be relaxed and more like that com-
puted by Monari et al. (2016). A nearly corotat-
ing spiral structure causes stronger perturbations
on stars reaching it near apocentre than one that
has a slower pattern speed (Kawata et al. 2014;
Hunt et al. 2017). Our estimated pattern speeds
(in Table 1) tend to be faster in the inner Galaxy
than the outer Galaxy so are consistent with nearly
corotating transient structures. Simulations have
illustrated that transient spiral structures can mi-
grate stars (e.g., Grand et al. 2012; Comparetta &
Quillen 2012). Large additional numbers of higher
eccentricity tracer particles would be required in a
simulation to determine if there are associated arcs
in local velocity distributions.
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Table 1. Spiral arm boundaries
Speed radius peri/apo color arm
Ωs Rs0
20 10.0 apo red Perseus
27 9.2 apo black Local Arm
29 8.0 peri white Local Spur
33 7.0 peri yellow Sag, BR
35 6.5 peri cyan Sagittarius
45 6.1 peri orange ?
Notes. Each colored curve (from top to bottom) shown
in Figure 4 corresponds to a spiral arm listed here in
corresponding order. The colors of the curves in the fig-
ures are listed in column 4. Each spiral arm is described
with equation 1 and depends on a pattern speed, Ωs
in km s−1 kpc−1, a winding parameter, α = 5, corre-
sponding to a pitch angle of 11.3◦, and the present ra-
dius of the arm peak Rs0 in kpc at θ. We also specify
whether the curve in Figure 4 is for pericentre or apoc-
entre crossing. The rightmost column lists associated
known arms in the Galaxy near the Sun, referring to
the map in Figure 2 by Xu et al. (2016). BR stands
for a resonance with the Galactic bar. Sag stands for
the Sagittarius arm. The boundaries are estimated us-
ing orbits computed in a potential with a flat rotation
curve.
3 SUMMARY AND DISCUSSION
Disc stars near the Sun have crossed spiral arms.
We propose that divisions or boundaries in local
velocity distributions separate stars that have re-
cently crossed or been strongly perturbed by a par-
ticular arm from those that haven’t. This scenario
is similar to that explored by Hunt et al. (2017)
for high angular momentum disc stars in the so-
lar neighborhood with apocentres approaching the
Perseus spiral arm. By estimating the time, angle
and radius of recent pericentres and apocentres and
using a logarithmic spiral model, we estimate pat-
tern speeds and radii of spiral patterns that could
have formed boundaries in stellar velocity distri-
butions constructed from nearby stars. The model
matches tilts of some arcs present in the vr, vθ local
velocity distributions constructed from Gaia DR2
data and how these arcs vary with position in the
Galaxy. The model accounts for the outer edge of
the Sirius/UMa moving group with recent apoc-
entres nearing the Perseus spiral arm. The division
between the Coma Berenices and Sirius/UMa mov-
ing groups traces apocentres near the Local Spiral
arm, and the division between Coma Berenices and
Hyades/Pleiades moving groups with pericentres
near the Local Spur, with Local arm and spur lo-
cations as mapped by Xu et al. (2016). This model
requires multiple spiral patterns present nearby in
the Galaxy, supporting a more flocculent rather
than a grand design morphology for the outer
Galaxy (e.g., Quillen 2002; Xu et al. 2016).
Our model arm crossings do not accurately
predict the morphology of streaks in the Hercules
stream and their dependence on position in the
Galaxy. The scenario is less successful for faster
patterns present in the inner Galaxy, possibly be-
cause we have not taken into account perturba-
tions from the Galactic bar. We failed to find curves
that bound the clump in the velocity distribution
at vθ ∼ 230 and −vr ∼ 60 km s−1 known as
the Wolf 630 moving group. Solar neighborhood
stars (such as in the Hercules or Wolf 630 mov-
ing groups) could have been perturbed by spiral
arms that are now distant from the Sun, making
it harder to match structures in the velocity dis-
tribution at higher orbital eccentricity with known
spiral structures.
We have proposed a relation between bound-
aries in local velocity distributions and loci of
pericentres or apocentres that have recently ap-
proached spiral arms. Without doubt spiral arms
perturbations influence local velocity distributions,
but how they do so is likely more complex than
defined by a simple pericentre or apocentre lo-
cus. The velocity perturbation on a star caused
by grazing an arm is likely to be similar to the
size of bumps and wiggles (± 10–20 km s−1 Mc-
Gaugh 2016), measured in the Milky Way rota-
tion curve caused by spiral arms. The velocity per-
turbation would also be sensitive to the strength,
width and pattern speed of the arm and the length
of time that the star is near the spiral’s density
peak. Orbit integrations that take into account the
perturbation of the arm are needed to quantita-
tively estimate the depth of a feature in the veloc-
ity distribution caused by close passages to a spi-
ral arm. Simulations containing many particles are
needed to match the numbers of stars in the Gaia
database and resolve structure in phase space at
higher eccentricity while simultaneously allowing
self-consistent self gravitating spiral structures to
develop in the colder disc population. Time depen-
dent and non-equilibrium models with spiral arms
could be improved for the stellar phase space dis-
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tribution functions. Structure and gradients in the
velocity distribution imply that there are variations
with position in the number density of stars. With
improvements in 3D extinction maps and better
statistical models, we may improve maps of spiral
structure in the Galaxy. These developments would
be needed to confirm or explore the connection be-
tween boundaries in local velocity distributions and
spiral arms.
Spiral structure alone cannot account for the
vertical motions studied by Antoja et al. (2018) or
vertical gradients in the velocity distribution, as
illustrated by the Coma Berenices moving group
(Quillen et al. 2018; Monari et al. 2018). High an-
gular momentum and high eccentricity stars and
those with large vertical amplitudes should be
less strongly affected by spiral arms and might
more prominently show phase wrapping associated
with perturbations in the outer Galaxy, and af-
fecting both planar and vertical velocity distribu-
tions. Warp or spiral-like features can be induced
by external perturbations (dela Vega et al. 2015;
Chequers & Widrow 2017) and these might have
more strongly perturbed stars with particular ver-
tical and horizontal epicycles, causing substructure
in velocity distributions as a function of vz as well
as vr and vθ. In our model, boundaries in veloc-
ity distributions are not solely dependent on par-
ticular orbital periods, differing from a resonant
model where a particular period sets a gap in phase
space (e.g., see Quillen et al. 2018). The influence
of spiral structure on local velocity distributions
may blur gaps caused by orbital resonances in the
action distributions (see those computed by Trick
et al. 2018).
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